Two pyoverdin-ampicillin conjugates were synthesized and their structures were confirmed by mass spectrometry and NMR spectroscopy. In contrast to ampicillin, the conjugates exhibited high antibacterial activity against Pseudomonas aeruginosa ATCC 15692 and ATCC 27853, effective only against the strain which is using the parent pyoverdin for iron uptake. This suggests that the conjugates enter the bacterial cell via the ferripyoverdin uptake pathway. Growth stimulation studies with conjugates hydrolysed
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The low permeability of the bacterial outer membrane is a major factor contributing to the high resistance of Pseudomonas aeruginosa against most antimicrobial agents1,2). One approach to overcome this barrier is the concept of siderophore-mediated drug delivery. Siderophores are iron-chelating molecules (molecular masses usually lower than 2kD), excreted by many bacteria under iron deficient conditions. A wide number of the iron complexes enter the cell via interactions with specific iron regulated outer membrane proteins (IROMPs) 3, 4, 12) Small antibiotic structures, covalently attached to siderophores, so as not to interfere with the siderophore recognition and transport process by the specific IROMPs, may enter the bacterial cell via the siderophore pathways5). The main siderophores of P. aeruginosa are the pyoverdins. Three different P. aeruginosa subspecies (siderovars) were found, producing three different pyoverdins, according to different pyoverdin-mediated pyoverdins were found to be strictly group-specific, i.e. in its peptide chain. Preliminary studies indicated that this amino group is not necessary for the recognition and transport process by the specific IROMPs7). A PaT II-ampicillin conjugate (PaTSebAmp, Fig. 2 .) was synthesized, using the free amino group as a point for covalent attachment. An analogous synthesis of a conjugate containing pyoverdin D (PVD group I, R=suc-cinyl, Fig. 1 .) was not possible because of the lack of a free primary amino group. Instead, the pyoverdin sucpyoverdin 9446, produced by P, chlororaphis ATCC 9446 and P. fluorescens ATCC 135258) was used to construct a conjugate (Pv9446SebAmp, Fig. 2 ) effective against P. aeruginosa PAOl (group I). This pyoverdin contains chain and can be used for iron uptake by P. aeruginosa PAOl9).
Here we report the synthesis, structural confirmation and preliminary biological evaluation of the two pyoverdin-ampicillin conjugates. their multiple functionalities are sensitive to drastic reaction conditions. We therefore chose as synthetic route a one-step cross-linking reaction in aqueous solution at room temperature. Sebacic acid bis (2-nitro-4-sulphophenyl) ester, developed by GERSHKOVICH et al.10) for protein cross-linking, served as cross-linking reagent. The long, flexible spacer of eight methylene groups was chosen to prevent possible steric hindrance of the penicillin-recognition by the bacterial transpeptidase as well as the pyoverdin-recognition by their specific IROMPs.
Although the primary amino groups of the pyoverdins were almost completely acylated during the reaction, the yield of conjugate did not exceed 21%. This was due to the formation of pyoverdin dimers (linked by the sebacic acid spacer) and a beginning decomposition lactam ring. To reduce the formation of the pyoverdin dimers, a sixfold molar excess of ampicillin was used.
The pyoverdin-derivatives were seperated from the reaction mixture by gel filtration on Sephadex G-25. The different pyoverdin-derivatives were subsequently separated by ion-exchange chromatography on DEAESephadex. Positive ion-FAB and -ESI mass spectra of both the iron-complexed and decomplexed conjugates were consistent with the assumed structures and a l:1 stoichiometry of its Fe (III) -complex typical for pyoverdins. By one and two dimensional NMR-techniques we were able to confirm the structures of the conjugates (Fig. 2.) . A buffered aqueous solvent system (pH 4.3, 278K) was used to detect the NH-protons. Trideutero-acetonitrile was added to improve the solubility of the conjugates. The antibacterial activities of both conjugates against the two strains Pseudomonas aeruginosa ATCC 27853 and ATCC 15692 (PAOl) were determined by the agar dilution method. The MICs are given in Table 5 .
In contrast to ampicillin, against which P, aeruginosa is resistant, PaTSebAmp and Pv9446SebAmp exhibited high antibacterial activities. As expected, they completely lack antibacterial activity against the strain which cannot use the parent pyoverdins for iron uptake. Even at concentrations of 100uM no effect on the bacterial growth was visible. This suggests that the use of the pyoverdinuptake pathway by the conjugates is crucial for their antibacterial activity. The lower antibacterial activity of addition of the strong synthetic iron-chelator EDDHA to an agar culture medium, bacterial growth is usually much delayed6). The addition of the decomplexed homologous pyoverdins, which are able to compete with EDDHA for iron, restored the bacterial growth. In the same way decomplexed PaTSebAmpdec and Pv9446Seb-Ampdec restored the growth of the strains ATCC 27853 and ATCC 15692 respectively. This indicates that they were used for iron uptake via the pyoverdin-pathway and it suggests that the intact conjugates likewise enter the cell via the pyoverdin-pathway. These findings imply that resistant mutants were selected. The rapid formation of resistant mutants indicates that these mutants were deficiency mutants, probably defective in their pyoverdin-mediated iron uptake systems. BROCHU et al.5) also detected a rapid formation of resistant mutants of Escherichia coli, when grown in the presence of synthetic siderophore-penicillin conjugates. They were defective in the expression of some siderophore-specific IROMPs. MEYER et al. recently showed that pyoverdins are essential for the virulence of P. aeruginosa13). Unlike pathogenic E. coli, which produces two different high-affinity iron uptake systems12~ (enterobactin, aerobactin), P. aeruginosa is dependent on the use of a the pyoverdin-mediated one in vivo. Pyochelin, the second siderophore of P. aeruginosa seems 
